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Introduction
Organic semiconductors (OS) are promising materials for the fabrication of photonic devices as they can be tailored to emit across the whole visible spectrum and exhibit high photoluminescence quantum yield [1] . They also benefit from potential low production cost and toxicity while their 'soft matter' nature offers great processing flexibility, enabling for example a wide range of novel bendable and mechanically-tunable devices such as OS lasers [2] [3] [4] [5] [6] [7] [8] . Wavelength electrical-tuning of OS lasers has also been shown [9] [10] [11] . Consequently, research on easy-to-fabricate and potentially disposable OS lasers based on these materials is being keenly pursued [12] . However, as there has still been no report of electrically-injected OS lasers, pulsed optical pumping is seen as the practical solution to implementation, motivating the recent demonstrations of laser diode and LED-pumped OS lasers [13] [14] [15] .
One critical issue which has limited the application of OS lasers in 'real-world' settings so far is that OS degrade under operation in an uncontrolled environment. The main mechanisms responsible for such degradation are heat, which can engender thermal decomposition, and photo-oxidation [16] [17] [18] . For practical applications, it is critical to mitigate these issues by (i) minimising heat build-up in OS through an increase in thermal conductivity and/or possibly low-repetition rate operation and by (ii) preventing photo-oxidation through isolation of the OS gain materials from the environment. One possible way to achieve this is to embed the OS emitters within an appropriate polymeric host matrix, creating (when the OS gain molecules are of appropriate size) a nanocomposite. OS lasers have been reported using such an approach, showing extended photostability but to the detriment of the laser threshold performance [8, 19] . Another way to improve the lifetime of an organic laser is to 'encapsulate', i.e. to overcoat, the OS with another material acting as an oxygen barrier. However, for mechanically-flexible lasers it is also necessary to maintain the overall mechanical properties of the device. Therefore, standard encapsulation techniques making use of thick inorganic materials such as often used in OLED technology are not directly applicable here [20] .
In this study, we demonstrate all-organic, one dimensional, second-order distributed feedback (DFB) lasers with improved photo-stability based on, respectively, a nanocomposite and an encapsulated gain region, that are both compatible with the fabrication of mechanically-flexible devices. In the following, section 2 explains the design and fabrication of these flexible lasers including the choice of the different materials. In section 3, the optical set-up used for their characterisation is detailed and the multilayer slab waveguide model, whose output is utilised in the discussion of the experimental results of section 4, is presented. Finally, section 4 discusses the experimental results for the nanocomposite lasers and the encapsulated lasers. The photostability in air of each type is measured and compared with reference lasers made with neat OS (based on a pure film of OS, i.e. not incorporated in a matrix nor encapsulated) in order to identify the best performing structure with both low lasing threshold and high photostability. In addition, as one of the possible applications of the neat and nanocomposite OS lasers is bio-sensing, which typically necessitates operation in polar solvents, e.g. biological buffers, the photostability of these devices when immersed in deionised water is also reported when applicable.
Design and fabrication

Structure of the mechanically-flexible lasers
Figures 1 (a), 1(b) and 1(c) show the structures of the three types of lasers studied in this work, namely neat, nanocomposite and encapsulated lasers. They are all formed by a gain layer deposited on top of a one-dimensional, mechanically-flexible grating acting as a distributed feedback (DFB) reflector. The gain layer of both neat and encapsulated lasers is made of pure OS whereas the OS is incorporated into a transparent polyimide matrix in the case of the nanocomposite lasers. Encapsulated lasers are further overcoated with a protective layer of poly(vinyl alcohol) (PVA). Common to all these lasers, the active element of the gain layer is a star-shaped tris(terfluorenyl) based on a truxene core (T3), an oligomer whose main luminescence is in the blue region of the visible spectrum. The synthesis of these monodispersed macromolecules is 100% reproducible [21] and they can form amorphous films with low-optical loss that are ideal for laser applications [22] . The gain spectrum of T3 spans the 410-450nm region while the absorption peaks at 375 nm.
The mechanically flexible grating is identical for all three types of laser. It is made by soft lithography using a glass master grating of an appropriate period (276 nm in this case) and with a typical modulation depth of 50 nm. The master grating is reproduced with an ultraviolet-transparent and photo-curable epoxy material, Norland NOA65, which has a refractive index n~1.53 at 450 nm, a viscosity of 1200 cps at 25°C and an elasticity of 20,000 psi. A 0.1-mm-thick sheet of acetate is used as a substrate and pressed onto the master grating covered by epoxy. After photocuring under a UV dose of 300 mJ/cm 2 and wavelength of 370 nm, the flexible grating is peeled off the master and then further post-cured under UV for about an hour (~1.8 J/cm 2 ). A flexible grating replicating the features of the master is then obtained. An atomic force microscopy (AFM) image and a profile scan of a typical grating fabricated this way can be found in [7] . Further fabrication details specific to each type of lasers are given in the following sub-sections. 
Neat T3 lasers
For neat lasers, a layer of pure T3 is spin-coated onto the grating. At 430 nm, the refractive index of a typical spin-coated film is about 1.83 which ensures good confinement of the propagating mode within a waveguide structure. For processing, T3 in solid phase (powder) is dissolved in toluene, at a concentration of 20 mg/mL. To form OS lasers, the dispersed T3 is then spin-coated to form a film of ~75 ± 5 nm onto a mechanically-flexible grating and left to dry for a few minutes in air. Such a thickness, determined by controlling the spinning speed at deposition, ensures laser oscillation on a single TE-polarised mode.
A device was also made using tetrahydrofuran (THF) instead of toluene in order to verify the effect of the solvent on the operation lifetime of neat lasers and also because THF was utilised in the fabrication of nanocomposites lasers.
Nanocomposite lasers
For nanocomposite lasers, the choice of the matrix material is evidently important. Polyimides form a family of polymers that has some attractive attributes for playing that role (high glass temperature transition, TG, and resistance to harsh environmental conditions) but their lack of transparency in the visible has up to now logically forbidden their use in visible lasers. However, polyimides with improved transparency have recently been developed, now making them relevant [17, 23, 24] . A commercially-available fluorinated polyimide from Mantech, CP1, is used here as host matrix [23] . It offers low moisture permeability and has a TG of 263°C. It is transparent in the visible and has a 50% transparency cut-off at 409 nm for a 1mm-thick film, from data given in the material datasheet [23] . Its refractive index at 549 nm is specified at 1.57. It is expected that this material will facilitate heat transfer out of the OS [24] and reduce the oxygen permeability of the gain region to a certain extent, thereby improving the useful laser operating lifetime.
CP1 powder was dissolved in THF and T3 was directly added and dispersed inside the liquid matrix to the desired load of 4% wr CP1/T3 without addition of extra solvent. To choose this CP1 concentration, the amplified spontaneous emission of nanocomposites films having different ratios of CP1/T3 was measured (data not shown).
The refractive index of the nanocomposite material is estimated to be ~1.82 at 430 nm. The nanocomposite was spin-coated to form a film 75 ± 10 nm thick onto the mechanicallyflexible grating. Again this thickness and refractive index values ensure that sufficient confinement is achieved to promote oscillation on the fundamental TE-polarised mode.
Encapsulated laser
Poly (vinyl alcohol) (C2H4O)n, or PVA, was used in the fabrication of the encapsulated lasers. PVA is a highly transparent, water soluble polymer that has found many industrial applications, e.g. in food packaging, fishing nets and sail technology [25] but also in biomedicine and photonics. Recently, it has been used for the fabrication of optical waveguides [26] , photonic crystal sensors [27] and as a host matrix for composites [28] . It is also seen as a good candidate for encapsulation of photonic devices because of its low oxygen permeability. For example it has been proposed for incorporation into multilayer coatings aimed at protecting organic solar cells from oxidation [29, 30] . At 23°C PVA has an oxygen permeability coefficient of 5.0 x 10-17 cm 3 cm/(cm 2 .s.Pa) which compares very well to other transparent polymers: PET, another oxygen barrier polymer used in food packaging, has a coefficient of 3.1 x 10-15 cm 3 cm/(cm 2 s Pa) [30, 31] . Due to this low oxygen permeability, oxidation of PVA films tends to occur mostly at the interface with air. Products from photooxidation stay within 5 µm of this interface and do not affect the deeper layers of the material [30] .
Similarly to the neat laser, T3 was dissolved in toluene at a concentration of 20 mg/mL and spin-coated on the grating to form a 75 ± 5 nm thick gain material layer. The film of PVA was prepared by mixing an 89% hydrolysed PVA powder, having a molecular weight in the range of 85,000-124,000 g/mol, with deionised (DI) water to obtain a concentration of 50 mg/ml. The solution was stirred for an hour at a temperature of 80°C. After being completely dissolved, the resulting solution was spin-coated on top of the T3 laser to form a film 180 ± 20 nm thick, measured by AFM. While a sub-micron PVA film might not totally suppress photo-oxidation of OS, it is still expected to slow down the process. The device was then annealed in air for three days at 35°C in order to totally evaporate the solvent and obtain a good crystalline cohesion [10] .
Encapsulated lasers were also made using the same fabrication process but with a higher concentration (70 mg/mL) of PVA in order to achieve a thicker film (580 ± 70 nm). These lasers were used to check the influence the thickness of PVA has on the degradation behaviour of the lasers.
Photo-pumping experiments and model for mode profile calculations
Optical pumping
The DFB lasers were optically pumped for characterisation by a Q-switched, frequencytripled Nd:YAG laser emitting 5ns pulses at a wavelength of 355 nm and with a 10Hz repetition rate. The emission of a device was detected by a 50µm-core optical fibre, connected to a CCD-spectrometer with a maximum spectral resolution of 0.13 nm [8] . The samples were placed at an angle of about 45° with respect to the beam axis. The full width at half maximum (FWHM) pump spot size on the sample was 70,000 µm2 ± 5% for the nanocomposites lasers and 145,000 µm2 ± 5% for the encapsulated lasers, values measured by knife edge. The differing sizes of the pump spot are due to changes in the configuration of the system between both sets of measurements. However, it was verified that this difference had no significant effect on our lasers in terms of performance by measuring neat T3 lasers in both configurations. Consequently, in the following, all experimental results are discussed in terms of the pump fluence (energy density). For each laser, the power transfer function and spectra were measured. The threshold given in the text for each laser is obtained by averaging measurements taken at different closely-spaced positions on a device. In order to determine the operating lifetime, the intensity of each laser was monitored and recorded every thirty seconds (i.e. every ~300 pulses) while operated above threshold at a pump fluence of 3.5 mJ/cm 2 unless stated otherwise in the text. This represents a fluence 30 to 100 times the threshold depending on the type of lasers. Results were then plotted versus the number of pulses. The resulting operation lifetimes are given in terms of the pump energy fluence (F deg ) a device has been exposed to when its output intensity falls to 1/e of its initial value. Lasers were characterised in air and ambient conditions except in a few instances, specified in the text, when the lasers were immersed in DI water.
Mode profile
For the discussion on the threshold performance in section 4, the laser mode transverse intensity profile and its overlap with the gain region were calculated for the different types of lasers. This overlap, characterised by the overlap factor as defined further, is important because it influences the modal gain and hence the laser threshold (a higher overlap factor leading to a lower threshold in principle). The calculations were made by considering slab waveguides equivalent to the laser structures, i.e. with the appropriate refractive indices and thicknesses, and using a multilayer matrix model in order to determine the TE 0 intensity profile across the whole laser structure [32] . In the case of neat and nanocomposite lasers there is only one layer to be considered, the gain material T3 or the polyimide nanocomposite, enclosed between a semi-infinite epoxy substrate (NOA65) and air or water. For encapsulated devices an additional layer representing the PVA (refractive index~1.55) was taken into account. The effective index for the TE0 mode was first determined and the mode intensity profile subsequently derived. The overlap factor was deduced from the profile where the integral in the numerator is taken over the thickness of the gain region (patterned region in Fig. 2) , z is the direction of the stack of layers, i.e. the transverse direction of the laser structure, and I(z) is the mode intensity profile.
As an example, the mode and refractive index profiles of a neat laser and an encapsulated laser having an 180nm thick PVA layer are plotted in Fig. 2 . 
Experimental results and discussion
Neat T3 lasers
Neat T3 lasers were made and their characteristics measured in order to use them as references for the nanocomposite and encapsulated lasers. Two reference lasers were fabricated using solution of T3 dissolved, respectively, in THF and in toluene to verify the effect of the nature of the solvent on the laser operation lifetime. These two solvents enter in the fabrication of the nanocomposite and encapsulated lasers respectively (see section 2). The power transfer functions and the spectra of both lasers are plotted in Figs. 3 (a) and 3(b). The T3/THF laser emits at 440.6 nm and the T3/toluene laser emits at 426.3 nm. The wavelength difference is simply attributed to the thickness of the gain region, which is around ~130 nm for the T3/THF sample while it is ~75 nm for the T3/toluene device (see section 2.a). A thinner gain region leads to a shorter wavelength. Average threshold energy fluence, Fth, is found to be 30 ± 3 µJ/cm 2 per pulse for the T3/THF laser whereas it is 70 ± 7 µJ/cm 2 for the T3/toluene laser. The difference in threshold is again an effect of the thicker T3 layer thickness for the T3/THF laser. The 440.6 nm emission wavelength is better aligned with the T3 spectral gain maximum, which peaks around 435-440nm [32] . Furthermore, the thicker gain region of the T3/THF device leads to a higher spatial overlap factor and hence a higher modal gain. Using the model described in section 3, the calculated overlap factor for the T3/THF laser and T3/toluene laser are found to be respectively 16.7% and 12.5%. Such values are consistent with the lower threshold for the laser having the thicker gain region. The intensity decay of the neat T3/THF device was measured for 15 minutes (9000 pulses) and the intensity plotted against the number of pulses (Fig. 3(c) ). A mono-exponential decay is fitted to the curve, giving a 1/e degradation dosage, Fdeg, of 9.4 ± 2.5 J/cm 2 . Neat T3/toluene lasers have a similar Fdeg (11.5 ± 5.8 J/cm 2 ) [8] . This means that the use of either THF or toluene as solvent has no significant effect on the degradation dosage of T3 and therefore the degradation characteristics of devices fabricated with these solvents can be directly compared.
The intensity decay of the neat laser was also measured in water (Fig. 3(c) ). This was done for two reasons: (i) to study the operation of the organic laser when immersed in a polar solvent, which is relevant for example for biosensing applications and (ii) to measure the degradation of the laser when placed in an oxygen-poor environment, i.e. not in air. The intensity was still recorded every 300 pulses but the device was exposed to a higher pump intensity of 13.8 µJ per pulse (7.6 mJ/cm 2 , 250 times the threshold). A two-fold improvement in Fdeg is obtained, with 19.5 ± 5.0 J/cm 2 , compared to operation in air. This improvement is attributed to the fact that less free oxygen molecules are present in water than in air, so the device does not photo-oxidize as fast. It is interesting to note that the emitted wavelength stays constant on the timescale of the measurement even as the laser intensity degrades. This indicates that such lasers can be used for refractive index sensing in solution. 
Nanocomposite lasers
The characteristics of a typical nanocomposite laser are shown in Fig. 4 . It emits at 428.6 nm (Fig. 4(a) ) and has a threshold of 115 ± 10 µJ/cm 2 , which is about 1.6 times the value found for the neat T3/toluene laser emitting close to this wavelength and 3.7 times higher than the T3/THF laser emitting at 440.6 nm (see Fig. 4(a) ). The increase in threshold is mainly attributed to residual pump absorption by the matrix at 355 nm and to the slightly lower density of T3 molecules. Figure 4 (b) shows a comparison of the photostability in air of the nanocomposite laser with the neat OS laser. The polyimide nanocomposite brings a ~3-fold improvement in terms of photostability with a Fdeg of 27.0 ± 6.5 J/cm 2 . The lifetime of another nanocomposite laser was measured both in air and water at a pump energy of 13.8 µJ per pulse (7.6 mJ/cm 2 , about 70 times threshold). Results are plotted in Fig. 4(c) . The intensity decay is found to be the same in both media with a Fdeg of 22.0 ± 4.5 µJ/cm 2 , whereas it was twice as long in water for the neat T3 laser. This result shows that the CP1-nanocomposite approach slows-down the degradation of the organic semiconductor and that the intensity decay is probably caused by the oxygen already present in the material after the fabrication process (the lasers being made in air). It also indicates that the benefit brought by the nanocomposite in terms of photostability for biosensing applications requiring immersion of the laser in water/solution is only marginal. Nevertheless, it may bring other potential advantages e.g. for surface functionalization. 
Encapsulated laser
4.3.1. Laser with a 180nm thick PVA film
The emission wavelength of an encapsulated laser with a 180nm-thick PVA layer is shown in Fig. 5(a) and is 438.9 nm. The average threshold is measured at 25 ± 6 µJ/cm 2 (inset of Fig.  5(a) ). These values show that the encapsulating layer both redshifts the oscillation wavelength and lowers the threshold when comparing to the equivalent neat laser (Fth~70 ± 7 µJ/cm 2 for a 426.3 nm emission). These effects are mainly due to changes in the refractive index profile of the laser structure as shown in Fig. 2 . As a result of the PVA layer addition, the laser mode is pulled away from the substrate and overlaps more with the gain region leading to an increase in the effective refractive index of the mode. To verify this point the modal effective index and the corresponding overlap factor were calculated and found to be 1.543 and 12.5% for the neat laser and 1.5906 and 15.9% for the laser encapsulated with 180 nm of PVA. This is consistent with the emission of a red-shifted wavelength and lower threshold observed experimentally.
The lifetime of the T3/PVA laser was measured and compared to the previous lifetimes obtained for the neat and the nanocomposite devices (see Figs. 5(b) and 5(c) ). The intensity of this OS laser stays stable for 13,000 pulses and then starts to decrease slowly. We attribute the initial, stable phase to the time it takes to photooxidise the PVA film when photopumped in air and for the oxygen to migrate to the active region. The second phase characterised by an exponential drop in intensity corresponds to the photodegradation of the organic semiconductor. The 1/e degradation dosage, Fdeg, is here 44.0 ± 1.5 J/cm 2 , i.e. 1.6 times longer than for the nanocomposite laser and 6.2 times longer than for the neat laser. Crucially, and unlike the nanocomposite lasers, this increase in lifetime is accompanied with a reduction in the threshold fluence. 
Laser with a 580nm thick PVA film
The thickness of the encapsulating film was increased to 580 ± 70 nm in order to study the influence on the laser photostability. The emission wavelength of the device shown in Fig. 6(a) is at 440.9 nm. The further 2nm red-shifted emission with respect to the previous device mainly results from the higher effective index of the laser mode induced by the thicker PVA film (1.5875 versus 1.5832 as determined with the multilayer model). The average threshold fluence is measured to be 36 ± 8 µJ/cm 2 , i.e. not significantly higher (Fig. 6(a) ). A hundred times above threshold the laser intensity of the sample was stable for 79,400 pulses (equivalent to 132 minutes at 10Hz operation). To accelerate the degradation the frequency of the pulses was increased to 14 Hz after 50,700 pulses. After the 79, 400-pulselong plateau, the laser intensity started to decay. The pump energy fluence for degradation Fdeg is found to be 280 ± 20 J/cm 2 , which is ~6.5 times higher than for the thinner encapsulated laser (Fig. 6(b) ) and 40 times higher than for the neat T3 laser. The dominant degradation is assumed here to come from molecular oxygen diffusing from the environment into the gain layer. The improvement in operation lifetime is attributed to the thicker PVA film offering a better oxygen barrier. Basically, it takes longer for the PVA to degrade and for oxygen to reach the gain material. Results also indicate that the amount of molecular oxygen trapped in the OS after fabrication is lower than in the case of the nanocomposite lasers. To the best of our knowledge, this value of Fdeg is the highest reported for a mechanicallyflexible organic laser [8, 33, 34] . Importantly, it is achieved with no trade-off on the threshold performance. 
Conclusion
The operating lifetime under ambient conditions of mechanically-flexible organic semiconductor lasers based on monodisperse star-shaped oligofluorenes has been improved by using two approaches. A flexible organic laser comprising a T3-polyimide nanocomposite showed a ~3-fold photostability improvement in air over an equivalent neat OS laser, albeit with an increase in threshold up to 115 ± 10 µJ/cm 2 . A flexible OS laser encapsulated with an oxygen barrier polymer (PVA) showed a photostability improvement of ~40 combined with an improvement in the threshold performance. In conclusion, we have managed to encapsulate a mechanically flexible OS laser with a thin polymeric film and demonstrated improved operation stability in air for a total degradation dosage of 280.0 ± 20 J/cm 2 . The latter is, to our knowledge, the highest reported for a mechanically-flexible organic laser and corresponds to a working lifetime of about 7 hours under 10Hz pulse-pumping before the intensity falls to 1/e of its initial value. The structure has also the benefit of lowering the device threshold to 36 ± 8 µJ/cm 2 by rendering the laser refractive index profile more symmetric. Table 1 summarises the main results of this study. 
